Aim: To investigate the routes of elimination and excretion for triptolide recovered in rats. Methods: After a single oral administration of [ 3 H]triptolide (0.8 mg/kg, 100 μCi/kg) in Sprague Dawley rats, urine and fecal samples were collected for 168 h. To study biliary excretion, bile samples were collected for 24 h through bile duct cannulation. Radioactivity was measured using a liquid scintillation analyzer, and excretion pathway analysis was performed using an HPLC/on-line radioactivity detector. Results: The total radioactivity recovered from the urine and feces of rats without bile duct ligation ranged from 86.6%-89.1%. Most of the radioactivity (68.6%-72.0%) was recovered in the feces within 72 h after oral administration, while the radioactivity recovered in the urine and bile was 17.1%-18.0% and 39.0%-39.4%, respectively. The HPLC/on-line radiochromatographic analysis revealed that most of the drug-related radioactivity was in the form of metabolites. In addition, significant gender differences in the quantity of these metabolites were found: monohydroxytriptolide sulfates were the major metabolites detected in the urine, feces, and bile of female rats, while only traces of these metabolites were found in male rats. Conclusion: Radiolabeled triptolide is mainly secreted in bile and eliminated in feces. The absorbed radioactivity is primarily eliminated in the form of metabolites, and significant gender differences are observed in the quantity of recovered metabolites, which are likely caused by the gender-specific expression of sulfotransferases.
Introduction
Tripterygium wilfordii Hook F (TWHF) is a Chinese herbal medicine commonly used for the treatment of rheumatoid arthritis [1, 2] . Triptolide (Figure 1 ), the major pharmacological component of TWHF [3] , exhibits pharmacological effects, including immunosuppressive [4, 5] , anti-inflammatory [6, 7] , and anti-cancer activities [8] . Moreover, it is the quality control standard of clinically used TWHF preparations. However, triptolide has a narrow therapeutic window, and its clinical applications are greatly limited because of its serious toxicities, including hepatotoxicity and male reproductive toxicity [9, 10] . Although several studies have reported on its pharmacological activities and toxicities, only a few studies have focused on the pharmacokinetics of triptolide. It has been reported that triptolide is rapidly eliminated in rat, with a terminal halflife of approximately 20 min when administered orally [11] . In addition, less than 1% of the orally administered triptolide may be detected in bile, urine, and feces after 24 h.
Drug excretion studies play an important role in drug development by revealing how the body disposes of xenobiotics. Excretion results may elucidate the relationship between the pharmacokinetic results and the status of the metabolic enzymes, transporters, etc. Excretion recovery studies using radiolabeled compounds conducted in laboratory animals and humans are standard components in the development of novel drug treatments [12] . The objective of the current study was to investigate the
Materials and methods

Chemicals
The triptolide (purity 98%) used as a reference standard was obtained from PI & PI Technologies Inc (Guangzhou, China). Sodium borotritide (0.1 μCi with a specific activity of 10.4 μCi/mmol) was purchased from ARC Inc (Saint Louis, MO, USA). Pyridinium chlorochromate and all other chemicals were obtained from Sinopharm Chemical Reagent Co, Ltd (Shanghai, China) as chemically pure grade or higher and were used without further purification.
Synthesis of [
3 H]triptolide First, triptonide was synthesized by stirring 20 mg (0.056 mmol) of triptolide and 104 mg (0.28 mmol) of pyridinium chlorochromate in 5 mL CH 2 Cl 2 at approximately 25 °C for 16 h. The reaction mixture was then filtered and concentrated under vacuum. After removal of the solvent, the residue was purified using a Shimadzu LC-6AD preparative HPLC system (Shimadzu Corp, Kyoto, Japan) on a YMC-pack ODS-A column (250 mm×10 mm id, 5 μm, 12 nm; YMC Co, Ltd, Kyoto, Japan) using methanol-water (60:40, v/v) as the mobile phase. The flow rate was 3.0 mL/min, and the elution profiles were monitored by absorbance measurements conducted at 218 nm. Approximately 6.8 mg (0.019 mmol) of triptonide was obtained.
Next, all obtained triptonide (6.8 mg, 0.019 mmol) and sodium borotritide (0.1 Ci) were dissolved in 5 mL tetrahydrofuran and stirred at room temperature for 4 h. The reaction solution was then purified using the HPLC system described above with methanol/water (55:45, v/v) as the mobile phase. Approximately 1.81 mg (0.005 mmol) of [ 3 H]triptolide was obtained.
The total radioactivity was measured as 2.34 mCi by using an LS6500 liquid scintillation analyzer (Beckman, Brea, CA, USA). The purity was 99.5% as measured by using a dynamic on-line radio flow detector (AIM Research Co, Hockessin, DE, USA). The specific activity was calculated as 466 mCi/mmol.
Instrumentation for the mass balance study The radioactivity was measured via liquid scintillation counting using a liquid scintillation analyzer (MicroBeta Trilux 1450, PerkinElmer, Boston, MA, USA).
Metabolite profiling was performed using an HPLCaccurate radioisotope quantification system, which consisted of a G1379A degasser, G1311A pump, G1367A autosampler, G1316A column oven (Agilent, Valdbronn, Germany) and a dynamic on-line radio flow detector (AIM Research Co, Hockessin, DE, USA).
Animals
SD rats weighing 180-220 g were obtained from SLRC Laboratory Animal Co, Ltd (Shanghai, China). The animals were maintained under controlled conditions according to procedures approved by the Animal Care and Use Committee of Shanghai Institute of Materia Medica (Shanghai, China). The rats were acclimated for 1 week prior to the urine and feces excretion study and 3 weeks prior to the biliary excretion study in a temperature-controlled (25 °C) room under a 12 h light/dark cycle. Food and water were provided ad libitum, except during the 12 h fasting period prior to the administration of triptolide. Food was provided 2 h after dosing.
Urine and feces excretion study Six rats (three males and three females) were placed in the metabolism cages 24 h prior to the administration of triptolide. Food was provided in powdered form to reduce the contamination of fecal matter. After dosing with [ 3 H]triptolide (0.8 mg/kg; 100 μCi/kg; 10 mL/kg), the rats remained in the metabolism cages for urine and feces collection. Urine and feces were collected at 4, 8, 24, 48, 72, 96, 120, 144, and 168 h after triptolide administration. The metabolism cages were rinsed with water and methanol after every urine collection, and the solvents were added to the collected urine. The feces were homogenized with water at a 1:1 ratio. After thorough mixing of each of the collected samples, the weights of the rats were recorded. At the end of this study, the rats were euthanized by CO 2 inhalation.
Biliary excretion study
Each rat was anesthetized with 50 mg/kg intraperitoneal (ip) pentobarbital at a dose of 1 mL/kg. A midline incision was made in the abdomen, and the bile duct was isolated and cannulated with a PE-10 cannula. Bile was collected at 1, 2, 4, 8, 12, and 24 h after oral administration of [ 3 H]triptolide (0.8 mg/kg; 100 μCi/kg; 10 mL/kg). All bile samples were frozen at -80 °C prior to analysis.
Sample preparation
For the excretion study, triplicate aliquots of urine (50 μL) were mixed using the StopFlow AD cocktail (AIM Research Co, Hockessin, USA) and directly quantified. Triplicate aliquots of feces homogenates (100 mg) and of bile (50 μL) were solubilized using perchloric acid/hydrogen peroxide (90:260, v/v) for 12 h at 80 °C. The supernatants were mixed with the StopFlow AD cocktail and then quantified.
For the analysis of the metabolic pathways, 0-24 h urine samples were pooled according to gender, centrifuged, and then analyzed without further purification. The 0-24 h fecal samples were homogenized, pooled by gender, and then sonicated with methanol. After centrifugation, the supernatant was evaporated to dryness using the TurboVap evaporator under a stream of nitrogen at 40 °C. The residue was reconstituted in 100 µL of methanol/water (50:50, v/v) and analyzed. For bile sample analyses, 0-24 h samples were pooled according to gender. After protein precipitation using methanol and centrifugation, the supernatant was diluted with an equal volume of water and then analyzed. 
Statistical analysis
The concentrations of radioactivity in rat urine, feces, and bile were calculated using standard curves. The radioactivity and the cumulative radioactivity were determined by the volume or weight of the samples.
Results
Excretion of radioactivity
The cumulative excretion curves for radioactivity in rats are shown in Figure 2 . The percentage of the radioactivity recovered was determined at 168 h after administration. The percentage of radioactivity recovered in the feces was 68.6% for male rats and 72.0% for female rats, while the radioactivity recovered in the urine was 17.1% for male rats and 18.0% for female rats. The total recovery of radioactivity eliminated in the excreta was 86.6% in male rats and 89.1% in female rats. These results indicated that virtually all the orally administered radioactivity was excreted in the urine and feces within 168 h and that fecal excretion was the major route of elimination. In addition, greater than 80% of the radioactivity recovered in feces and urine was excreted within the first 24 h after administration. The excretion rate plots of radioactivity are shown in Figure 3 . The rats demonstrated a maximum excretion rate in urine from 0 to 4 h, while the maximum excretion rate in feces occurred between 8 and 24 h.
Biliary excretion of radioactivity
The biliary excretion of total radioactivity in bile ductcannulated (BDC) rats accounted for 39% of the total dose measured at 24 h after dosing (Figure 4) .
Excretion of the parent drug and major metabolites
Metabolite profiling and identification were performed in our laboratory [13] . Figure 5 shows the proposed major metabolic sites for triptolide in rats.
A semiquantitative determination of the main metabolites was performed based on the peak areas shown on the radiochromatograms and on the excretion results. A summary of the percentage of the doses of the parent drug and its metabolites excreted up to 24 h is shown in Table  1 . Within 24 h, cumulative fecal, biliary, and urinary excretions of the parent drug in the male rat were 1.92%, 3.98%, and 3.81% of the administered dose, respectively. In the urine of www.nature.com/aps Liu J et al Acta Pharmacologica Sinica npg female rats, only 0.0267% of the administered dose was from triptolide, while no unchanged drug was detected in the feces or bile of female rats within 24 h. In male rats, hydroxy metabolites were the major forms of radioactivity detected in urine. Mono-, di-, and trihydroxy metabolites accounted for nearly 70% of the renal excretion of radioactivity. However, in the feces of male rats, only one monohydroxy metabolite was detected using radiochromatography. The main components in the feces of male rats were unidentified metabolites. Although there were some unidentified metabolites, hydroxy metabolites still accounted for the largest percentage of the radioactivity excreted in the bile of male rats.
In the urine of female rats, hydroxy metabolites as well as monohydroxytripotolide sulfates were the major components detected. In the feces and bile of female rats, monohydroxy metabolite sulfates contributed to the majority of the excreted radioactivity. The relative abundance of metabolites was calculated based on the amount of dose excreted inurine, feces, and bile. ND, not detected. Trace, trace amount of the metabolite that was detected by LC/MS but not by radio-flow detector. Unidentified metabolite, the metabolite was not identified yet. * This percentage contained two metabolites M6 and M17.
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Triptolide is the major pharmacologically active component of TWHF. The present study examined the excretion pathways of this clinically used compound. The toxic doses reported in previous studies were considered when selecting the triptolide dose for this study. Previous animal studies have demonstrated a slim margin between the therapeutic and toxic concentrations of triptolide. For example, the lethal concentration of triptolide in mice was 0.86 mg/kg (ip) for 50% of the tested animal population [14] . Moreover, in a previous pharmacokinetic study, multiple doses from 0.6 mg/kg to 2.4 mg/kg were investigated. Based on these results, an oral dose of 0.8 mg/kg triptolide was established for the current study. During the study, one female BDC rat died 2 h after the administration of this dose.
According to observations obtained at 168 h after initial dosing, the primary route of excretion for the radioactivity was the feces. Furthermore, nearly the entire dose was excreted within the first 24 h after administration, and this result is consistent with the rapid elimination of triptolide.
In BDC rats, approximately 39% of the radioactivity administered was recovered in the bile 24 h after oral administration, suggesting that the radioactivity was mainly secreted in the bile, and then eliminated in the feces.
The HPLC/on-line radiochromatographic analysis revealed that most of the drug-related radioactivity resulted from metabolites. In male rats, hydroxy metabolites were the major metabolites detected in the urine and bile. A number of unidentified metabolites that were detected in the feces of the males were not found in their bile. These unidentified metabolites may have resulted from conversion by intestinal microflora. In female rats, similar to males, hydroxy metabolites were the major metabolites found in urine. However, the percentage of hydroxy metabolites detected in the bile of females was lower than that found in the bile of males, and monohydroxytriptolide sulfates comprised the major metabolites in the bile of the females. These sulfates were also the major components detected in the feces of female rats. These two sulfates accounted for more than 60% of the excreted fecal radioactivity, indicating that after oral administration, most of the drug was absorbed.
These metabolic pathways showed significant quantitative differences between male and female rats. First, the recovery of the parent drug was much higher in male rats than that in female rats. Second, the primary biotransformation pathways in male rats differed from those in female rats.
The difference in CYP levels between male and female rats was thought to play a primary role in triptolide toxicity because cases of triptolide toxicity in females are more serious than those in male rats. It was suggested that this discrepancy results from the gender differences observed in CYP3A2 activity and in vitro triptolide clearance [15] . However, our results suggested that sulfation played a more important role in the metabolism of triptolide in female rats than that in male rats. This gender difference in triptolide metabolism was likely caused by the gender-specific expression of sulfotransferases in the rat [16] [17] [18] . In male rats, the triptolide GSH conjugate was detected as a major metabolite in bile. This metabolic pathway of triptolide further indicated its electrophilicity, which was closely associated with its toxicity.
In this study, the total recovery values for the radiolabeled drug ranged from 86.6% to 89.1%. After oral administration, most of the administered triptolide was converted into metabolites, and several were unidentified. Thus, if an excretion study had been conducted with a nonradiolabeled drug, obtaining a satisfactory result would have been challenging.
Conclusions
After a single oral administration of [ 3 H]triptolide (0.8 mg/kg, 100 μCi/kg) in the SD rat, radioactivity was mainly secreted in bile and eliminated in feces. The majority of radioactivity was excreted in the form of metabolites. The significant gender differences observed in the quantity of metabolites were attributed to the gender-specific expression of sulfotransferases.
